The transformation of vineyard landscapes is evaluated in this article by assessing the changes in land cover and landscape diversity in selected study areas in two time periods -from 1867 to 1949, and from then to 2016. The study areas are characterised by a long history of viticulture and with important occurrences of old and new agrarian relief forms. Fine-scale land cover and landscape diversity analysis, as well as the study of historical and strategic documents, enabled an accurate interpretation of the viticultural landscape trajectories and their drivers. Landscape diversity was computed using the Shannon diversity index for each 625 square metre grid unit, and applying other metrics for the entire study area. Our research established that the study areas oscillated during this period between extensification and agricultural intensification, and the general trend confirmed the disappearance of traditional vineyards and a decline in modernised vineyard areas after socialism. Although extensification and intensification are seemingly contradictory processes, it is established that these both increase landscape diversity. In addition, landscape diversity changes in the second period are influenced more by changes in quantitative landscape pattern characteristics via edge density than qualitative patterns, e.g. patch richness, which reflect land use diversity.
Introduction
The viticultural landscape is one of the oldest types of cultural and cultivated landscapes in Europe and it creates a unique genius loci in many regions with its distinctive function and appearance. It also forms a special part of the agricultural landscape and has therefore been intensively studied. Examples include the following different contexts: the physical-geographical background (Biddoccu et al., 2016; Comino et al., 2017; Lieskovský and Kenderessy, 2014) ; economic efficiency (Costantini et al., 2016; González et al., 2017; Torquati et al., 2015) ; ecosystem services (Garcia et al., 2018; Winkler and Kimberly, 2016) and land cover (LC) changes (Greinert et al., 2019; Vinatier and González-Arnaiz, 2018) .
Terraced vineyards are among the oldest examples of cultural landscapes in Europe and studies focused on these present important research (Haffke, 1994; Ramos and Porta, 1997; Rodrigo-Comino et al., 2019; Tarolli et al., 2014) , especially the dry-stone terrace vineyards spread mainly throughout Mediterranean areas (Barbera and Motisi, 2017) . Terraced viticulture in Central Europe was previously assumed to begin between the 10 th and 14 th centuries, but indirect archaeological and archival findings indicate its earlier occurrence around the 4 th to 5 th centuries (Petit et al., 2012) . In addition, an overview study of terraced landscapes was performed by Wei et al. (2016) , following Stanchi et al.'s (2012) recording of considerable traditional terraced agricultural systems in marginal, steeply sloping areas in the Alpine, Mediterranean and Sub-Mediterranean regions.
The wave of building and modernisation of the European Union (EU) vine-growing terraces, especially those in the Mediterranean, occurred in the 1980-1990s (Borselli et al., 2006; Cots-Folch et al., 2006) . After 2000 this process was connected to the EU implementation of the Common Agricultural Policy (CAP -Commission Regulation EC No. 1227 /2000 of 31 May 2000 Martínez-Casasnovas et al., 2010) . The CAP subsidies strongly encouraged the establishment of large-scale vine-growing terraces. The establishment of large-scale vine-growing terraces, however, caused many environmental problems such as erosion, soil degradation, landslides and the disappearance of the traditional wine-growing landscape (Cots-Folch et al., 2006 Ramos et al., 2007) .
Despite the lack of sufficient archaeological and archival data on Slovak traditional terraced vineyards, there is indirect evidence that the oldest systems of vineyard terraces in the Little Carpathians region may have had their origin in the Middle Ages, because this was already a prosperous vineyard region in the 14 th century (Drábiková, 1989; Lukniš, 1977; Slavkovský, 2009; . Mechanisation was not feasible, however, because of the divided plot structure, the amount of dry-stone terraces and the huge stone walls along the plot boundaries. Vine-growing modernisation in Slovakia, which aimed to counteract the shortcomings of traditional wine-making, began during the state-controlled intensification of agriculture under socialism. Vineyard transformation with construction of terraces compatible with mechanisation also occurred in the second half of the 20 th century in other socialist countries, such as Hungary and Slovenia (Borselli et al., 2006; Momirski and Kladnik, 2009; Pipan and Kokajl, 2017) .
Given this background, the main aim of this study is to evaluate vineyard landscape transformations by identifying and assessing the land cover (LC), landscape diversity (LDI) and related factors in the time period spanning the change from free market to socialist economies. This evaluation emphasises the transformation of the traditional landscape into the modern collectivised structure.
The first period of change covers the relative continuity in property relationships under market economy conditions, and the second period captures collectivisation under a directed centrally-managed socialist economy and subsequent changes due to its collapse.The modern winegrowing landscape is composed of large-block vineyards and vineyards on bench terraces. All the impacts on vineyard diversity from landscape collectivism, terrace construction and vineyard abandonment, however, have not yet been sufficiently developed.
In this research project, we assumed that:
• Assessment of the trajectories of changes in land cover and landscape diversity, which are characterised by a significant proportion of agrarian relief forms at a detailed scale, enables the identification of those landscape processes and features that cannot be realised by standard LC and LDI research methods and measures;
• Trends in parallel extensification and intensification, especially typical of European agricultural land in the 20 th century, are evident in the study areas (van Vliet et al., 2015) . In countries under socialist collectivism, these are conditioned by both global and specialised drivers;
• Extensification and abandonment exhibit similar intensity in both traditional landscapes and the largescale vineyards created under collectivisation; and
• Increased diversity of the vine-growing landscape determines both extensification in its usage and intensification associated with vineyard terrace construction.
Data and methods
In this paper we have analysed the land cover and landscape diversity for three study areas at three different points in time:
1. The state of the study areas in the second half of the 19 th century is identified in Selešťany (1867) Hence, we evaluated the LC and LDI changes in the period between the chosen 19 th century years and 1949 (1 st period) and between 1949 and 2015/2016 (2 nd period). The years for large-scale LC and LDI analysis were chosen in particular because of the availability of detailed and relatively reliable data. Additional monographs on the municipalities also offered relevant data on LC changes. (Antolov, 2007; Hodási, 2007; Turcsány, 2009; Žudel et al., 2006) .
Details for the LC element classification were limited by source materials. In the second half of the 19 th century this was due to the lack of aerial images, and the 1949 black-andwhite aerial photographs have noticeably inferior quality compared to the current coloured orthophotos. We chose a minimal 15 m 2 mapping unit and 2 m minimal line-shape width to maintain consistent mapping detail for all three years, and the proposed LC classification was best adapted to conform to the 19 th century stable cadastre maps, which had the least information content.
The complementary growth of fruit and vegetable crops was common in traditionally cultivated vineyards at that time (Agnoletti, 2015; Foški and Zavodnik, 2019) , and the LC interpretation was therefore based on the 4 th -6 th hierarchy Corine Land Cover (CLC) levels sufficiently adapted to local characteristics and the diverse vineyard landscapes (see Appendix 1). We then implemented a detailed vineyard landscape classification system which could track landscape changes in the study periods. The identified vineyards were subdivided into class 221 CLC vineyards and class 24 heterogeneous agricultural areas, where they are combined with crops in agricultural mosaics.
Class 221 was delimited in two distinct lower levels: largeblock vineyards: internally homogeneous and over 5,000 m 2 , and small-block narrow-stripped vineyards. The division of modern terraced vineyards into vineyards on bench terraces and into slopes of bench terraces is important in this context, because it makes the LC categories more precise in tracking land use changes and affecting the resultant LDI values and their changes over time. We then identified the typical agrarian stone walls and mounds of the traditional vineyard landscape as a distinct class.
The landscape changes were assessed by analysing LC element area changes over the studied periods. In this case, overlain GIS maps provided source material for LC assessment in the individual study areas and individual years, and the areal extent of changes in particular LC classes were compared in contingency tables. The LC changes were then classified according to the following modifications adapted from Feranec et al. (2010) : 1) afforestation (A); 2) succession (S); 3) agricultural extensification (E); 4) deurbanisation (D) ; 5) open woodland (WO); 6) deforestation (DE); 7) agricultural intensification (I); 8) urbanisation (U); 9) without change (W); and 10) other changes (O).
To understand the changes in the landscape, we analysed the driving forces that were influential processes in the evolutionary trajectory of the landscape and can be defined at spatial, temporal and institutional scales (Bürgi et al., 2004) . We then identified natural, political, technological and economic drivers in the case study areas (Bürgi et al., 2004; Kanianska et al., 2014; Skokanová et al., 2016) .
Our detailed scale of analysis, which was enabled by the use of grid units with an area of 25 × 25 m (625 m 2 ) is different to some other studies utilising square grids. We chose the size of the grid basic unit so that the smallest analysed LC polygon of the 4 th -6 th CLC hierarchical level would be smaller than the square size.
The Shannon diversity index (SHDI) from the Fragstat programme manual (McGarigal et al., 2012) was chosen for the assessment of the LDI state and changes. The acquired SHDI values were plotted as map colour-coding for the various LDI degrees, ranging from 0 for lack of diversity to a maximum of 5. Partial sets of SHDI > 0 values for individual study areas and individual periods were merged into one file. Five value intervals were assigned by the equal interval method from the value range of the merged file as LDI degree classes, and this covered all three study periods and all years. This enabled the comparison of the LDI values between individual study areas and periods.
We then evaluated the LDI value and intensity changes as SHDI value differences in individual years. The resultant SHDI value-difference files were divided by the 6 equal interval method, and squares with zero change were set separately. As previously, we considered the entire LDI changed value range from all study areas and both periods to construct the intervals. This enabled comparison between the individual study areas and periods. In addition to the SHDI calculation for the individual grid squares, metrics unable to be effectively analysed in the grid were calculated for the entire study area and then analysed. The selection and calculation of these metrics was based on the The correlation coefficient (r) matrix enabled the detection of the relationships between selected metrics and especially between these and grid-based LDI values and the grid-averaged and overall SHDI values. The r-value signified strong correlation and this was established for our low number of data-sets at 0.91 with 99% confidence (n = 9: 3 study areas × 3 periods) (Pavlík and Kühnl, 1981) . The intensity of change over a period was assessed by correlating SHDI values over the grid between the two years, bracketing the period. Higher r-values denote greater similarity in LDI value distribution and smaller LDI changes over the relevant period.
Study areas
The three case study areas are depicted in Figure 1 . The 66.2 ha Svätý Jur and 87.8 ha Modra study areas have similar natural backgrounds and are situated northeast of Bratislava on the south-eastern slopes of the Little Carpathian mountains. The geological composition is dominated by granites, and altitudes vary from 144 to 333 m a.s.l. in Svätý Jur and 174 to 349 m in Modra. The Svätý Jur study area relief is slightly more dissected than Modra. There is no well-developed permanent river system and loamy-sand cambisoils are the prevalent soil cover, but this is converted to culti-soils by regular vineyard cultivation and terracing. The climate is moderately warm and dry, with mean annual temperatures above 9 °C and average annual precipitation between 550 and 600 mm. Only island residues of the original oak-hornbeam Carpathian forests, oak and Turkey-oak forest communities are still preserved.
These two areas are among the oldest vine-growing regions in Slovakia. The first mention of vineyards in the Little Carpathians dates back to the 13 th and 14 th centuries, and vine production underwent its greatest boom in the 16 th and 17 th centuries and it remained the most significant economic activity in this region by the end of 19 th and beginning of the 20 th centuries. The many old stone walls and mounds are now part of the cultural landscape heritage, and these agrarian landforms, sometimes up to 200 m long and 3 m high, originated over the centuries by removal of stones for land cultivation. They consist predominantly of granite debris, but they do not occur in Selešťany because of its different geological base.
In contrast, the 56.7 ha Selešťany study area is located in the Juhoslovenská Kotlina basin in south-central Slovakia on the Hungarian border, and the first records of vine-growing there come from the 14 th and 16 th centuries (Hodási, 2007) . The altitudes of the currently terraced territory vary from 147 to 249 m a.s.l and there is no permanent river system. While the higher, less dissected parts of the study area are covered by eolic deluvial sediments, more resistant oligocene calcareous clastic sediments prevail on the steeper slopes along the northern and southern peripheries. The original soil cover has been transformed from pararendzinas and brown soils to culti-soils, and there are no remnants of the original vegetation cover or oak-hornbeam and Turkey oak forests. The study area is situated in a warm, dry region with a moderate winter and average annual precipitation between 550 and 570 mm.
Results

Land cover changes
We analysed the land cover in the study areas and the changes over time using CLC 3 rd level classes (Fig. 2 ). This provided a reliable basic overview of the transformations.
Vineyards were a dominant element in all three study areas in the 19 th century (Fig. 2) . Although the largest proportion of vineyards was in Selešťany, over 50% of the Svätý Jur area also had cultivated vineyards. The 4 th -6 th CLC hierarchical levels reveal that small-block staked vineyards predominated in Svatý Jur and Selešťany, while Modra had small block staked vineyards on stone-walled terraces.
By 1949, however, the proportion of vineyards in Selešťany plunged from 82% to 8%, and 38% of the total area had complex cultivation patterns as the dominant land cover type. The decrease in the vineyard area in Svätý Jur was more moderate at that time, and grapevines remained the prevailing land cover type. In direct contrast, the Modra vineyard area increased from 33% to 49% in the studied area. In addition, the the remarkable 19 th century historical area of agrarian stone walls and mounds which covered 6-8% of Modra and Svätý Jur had not significantly changed by 1949.
One notes that by 2015 in Modra and 2016 in Selešťany and Svätý Jur, there were marked study area changes in both landscape structure and its dominant features. Viticultural dominance had ended in Modra and Svätý Jur, and pastures filled 17% of the Svätý Jur total area, while non-forest wood-species vegetation took up 27% of the Modra area. In direct contrast, vineyards regained dominance in Selešťany, with 74% of the total area. The 4 th -6 th CLC hierarchical levels reveal that small block staked vineyards disappeared in all study areas and only their small fragments remained within complex cultivation patterns in the Svätý Jur and Modra study areas. Modern terraced vineyards, which in the collectivist era covered 15% of Modra, 20% of Svätý Jur and 56% of the Selešťany study area, decreased in 2015-2016 to 4% in Modra and Svätý Jur and only slightly to 51% in Selešťany. Similarly, the area of modern non-terraced vineyards went down from 34% to 14% in Modra, from 12% to 2% in Svätý Jur. In the Selešťany study area there was only a negligible decrease of them.
Traditional agrarian stone walls and mounds decreased significantly to 2-3% in the Modra and Svätý Jur study areas. Vineyard bench terraces had appeared as a new agrarian land form in all study areas under collectivism, with 12% of the total Modra area, 21% of Svätý Jur and 50% of the Selešťany case study area.
Types of landscape changes
The comparison of 4 th -6 th hierarchical level LC in all studied years identified the types of landscape changes in both study periods (see Tab. 1), with 57% of the Modra territory and 64% of Svätý Jur remaining unchanged during the first study period. The most significant change was the 19% agricultural extensification in Svatý Jur and 22% intensification in Modra, while Selešťany experienced extensification as the most significant change with over 62% of its territory.
In the second study period, substantially smaller study areas remained unaltered, with only 23% changed in Modra and 14% in Svätý Jur. There were two opposing processes, with 20% agricultural extensification in Modra and 24% in Svätý Jur, and 21% intensification in Modra and 23% in Svätý Jur. Urbanisation became more significant in Svätý Jur, with a 0% to 13% increase. In this period, Selešťany experienced agriculture intensification on 64% of its territory, together with 20% extensification and 25% succession.
Parts of the large-scale terraced and non-terraced vineyards again transformed into grassland, complex cultivation patterns and shrubs after socialism, resulting from extensification of agriculture and succession. This was most evident in the terraced vineyards, with 11% in Svätý Jur and 30% in Selešťany. In contrast, there was an 8% transformation of non-terraced vineyards in Modra, and up to 7% of large block terraced vineyards in Svätý Jur were affected by urbanisation.
Driving forces of change
The phylloxera epidemic in the second half of the 19 th century was the major natural driver of vineyard decreases throughout Europe (Poláček and Poláček, 2010) . Concurrently, political drivers strongly influenced viticultural development between the mid-19 th century and the first half of the 20 th century. These included land reforms and land ownership changes before and after the collapse of the Austro-Hungarian Empire, and the intervening wars reduced the labour market. In addition to political factors, economic and technological drivers also acted here, such as the growing labour shortage notably due to increased industry and the decline in the demand for grape vines from increasing foreign competition, the economic crisis and also an increase in beer consumption (Demo et al., 2001) .
The persistence of the Modra and Svätý Jur vineyards in the first period may well have been linked to strong political and economic drivers at the national level, because the state supported vineyard renewal through tax relief and free vine grafts resistant to phylloxera (Burdová, 2012) . The wealthy vineyard owners made excellent use of these opportunities and the Svätý Jur and Modra municipalities, which were economically dependent on grape and wine production, had a strategic advantage due to their proximity to Bratislava, because this was the centre of the Slovak economy and the most important commercial outlet. In contrast, Selešťany was in a region where grape vines were not the only crop which supported farmers' material dependence (Drábiková, 1989) .
Therefore, wine growing preservation there was difficult in this financial situation, and this was further exacerbated by political drivers including the erection of bulwarks on the Czechoslovak-Hungarian border in 1937 and the surrender of this territory to Horthy's Hungary in 1938 -1945 (Antolov, 2007 .
Socialist collectivism proved to be the common technological driver for LC changes in all three study areas in the second period. The extensive terrace construction in the 1960s and 1970s required conversion of relief and soils, and this was compounded by typical abandonment of traditional Svätý Jur and Modra vineyards situated in higher and more difficult cultivation sites. Farmers were forced to join socialist agricultural cooperatives and they found working with machinery in large-scale vineyards easier than the heavy manual labour in traditional vineyards. A further political driving force for the decrease in traditional vineyard areas was the transfer of the German population after the Second World War, and many of these were experienced wine growers. In addition to technological and political factors, the natural drivers related to vineyard availability and location also played a role.
Further significant changes in the vineyard landscape after 1989 were caused by vineyard abandonment in the Svätý Jur and Modra study areas and their partial transformation into built-up areas. The major causes here were the political drivers such as withdrawal of socialist agricultural subsidies, the consequent attenuation of vinegrowing in cooperative farms and land restitution. The increased developer pressure for high-density housing on the lucrative plots also played a role in the significant economic factors of land cover change. There have been signs of winegrowing revival in the last 5 to 10 years, however, especially in the Selešťany study area.
The current differences in vineyard management and the overall intensity of land use in the study areas are reflected in the rate of utilisation of agri-environmental subsidies. While subsidies are drawn on 81% of the Selešťany study area, this is reduced to 3-4% of the Svätý Jur and Modra areas (LPIS, 2016) . This temporary political driver therefore affects the case study areas to differing degrees. Farm structure and size is a further local technology driver, which suggests a potential for preserving viticulture in the study areas. While socialist cooperatives ceased to exist in Svätý Jur, where there are now 26 individual vinegrowers, they continue in Modra where one cooperative is the second largest employer in the town, competing with 35 individual vinegrowers. These study areas are distinctly different to Seleštany, where a single vinegrower manages all vineyards in this study area. Table 2 highlights the LDI values initially calculated as the square grid average for individual study areas and their changes over the selected years. There is an obvious trend in LDI increase over the considered years and decreased territory with zero diversity, thus signifying relatively complete homogeneity in Svätý Jur and Selešťany. In contrast, the trends are less clear in Modra, which has a slight increase in zero-diversity territory.
Landscape diversity and its spatial and temporal variation
Table 2 also presents the selected metrics for individual study areas as a whole, without the use of the square grid for the considered years. A comparision of the results for both metrics groups reveals that the individual landscape metrics do not always provide the same, or even vaguely similar, variation over time. The SHDI values are calculated as an average of the values for individual grid squares and those for the study area as a whole. Although these mostly change in the same manner, discrepancies exist between the first period in Modra and the second period in Selešťany. These differences result from the dissimilar scale of SHDI value assessments, where our 625 m 2 squares overcome problems created in study areas dozens of hectares in size. Transformation of the Selešťany study area into modern vineyards in the 2 nd period proves interesting, because SHDI and PRha decreased while NPha, TEha and MPS increased. This is related to the predominant use of the Selešťany study area for vine-growing on modern terraces. Table 3 presents a correlation analysis between the following selected metrics:
• the PRha parameter defines the patch richness per hectare, and here it equals the number of LC types per hectare, while the SHDI metrics are based on the number of LC types. PRha, however, has no significant relationship with the SHDI value either over the gridbased average or overall for the entire study area;
• in contrast, the average SHDI value of the grid squares increases with increasing areas with high 4 th and 5 th LDI degrees. The NPha and TEha metrics concomitantly increase and the average patch size (MPS ha) decreases.
The above correlations show that the changes in landscape diversity were more affected by changes in quantitative landscape characteristics rather than the qualitative characteristics which reflect land use diversity.
The map in Figure 3 highlights the changes in land diversity (LDI) in both periods.
Although LDI in the Svätý Jur study area in 1949 had increased compared to 1896, over 56% of the extent of the study area underwent no LDI change, especially in the central part. Furthermore, changes in the LDI distribution during the 2 nd period were mainly caused by vineyard terracing and housing extension.
The highest LDI changes in the Modra study area in the 1st period are concentrated along the north-eastern edge of the study area, but in the 2 nd period they are confirmed in the central part, at the boundary of the hillly land and mountains, and also in the southern part of the study area where urban housing has increased. In contrast to Svätý Jur, the Modra LDI increase in the second period was not induced by the construction of terraced vineyards but mostly by increased housing adjacent to the urban area. Another typically distinct form of LDI growth was identified in the higher and more dissected study area locations where spaces between stone mounds, covered originally by the traditional staked vineyards, were extensified to diversified mosaics of non-forest woody vegetation and overgrown meadows and pastures.
The most extreme LDI changes, however, occurred in the Selešťany study area, where the distribution of LDI values varied significantly in each considered year. The fraction of the territory with high 4 th and 5 th SHDI degree LDI increased here from 2% in 1867 to 26% in 2016. In addition, almost 60% of the study area was homogeneous in 1867, with the highest homogeneity of the three study areas, but this decreased to the lowest of the three study area values at 16%. These changes show the intensity of Selešťany transformation, distinguished by high variability in LC types and consequent high LDI.
Areas with the higher 4 th and 5 th SHDI degree LDI increased significantly in all study areas and covered higher proportions of the total areas in 2015/2016 than in the 19 th century. In addition, the extent of areas with zero LDI in the Svätý Jur and Selešťany study areas experienced downward trends in both periods, while Modra registered no significant change.
Discussion
Methods
The analysis of LC and LDI changes is a standard tool in evaluating landscape structure, and it is therefore used in many studies. For this study, however, we added detailed LC/LU mapping to obtain dynamic landscape information at the local level. The proposals for nomenclature of Corine Land Cover (CLC) mapping on 1:10,000 and 1:50,000 large scales were published by Feranec and Oťaheľ (1999) and Kopecká (2006) . The proposed CLC classifications can be supplemented and further subdivided depending on the purpose of the evaluation, so we adapted it to the specific local features of distinct proportions of vineyard landscape relief forms. Detailed LC analysis from aerial images and 1949: 2 nd period -between 1949 and 2015/2016) Source: authors' calculations and map elaboration historical cadastral maps then enabled identification of old man-made structures (Hamre et al., 2007) and diverse land-use forms which are generally mapped on a broader scale in one LC class type. The cadastral maps are the most important historical map sources, compared for example to Military Survey maps, because of their accuracy and large 1:2,880 scale (Bruna and Křováková, 2006; Domaas et al., 2007) .
Fig. 3: Landscape diversity changes in individual study areas over the two periods (1 st period -between the chosen 19 th century years and
The 1989-1990 end of the socialist period led to major political and economic changes, and the lack of data for this period distorts our evaluation of LC and LDI changes to some extent. The second 1949 to 2000s period covers both socialist and post-socialist eras and these have very different trends. Disentangling these, however, presents a topic for further research.
The emergence of modernised vineyards during collectivisation had a significant effect on landscape changes in the second observed period. Many vineyards were abandoned after the fall of socialism and their original area remains unknown; therefore we created a map layer documenting the extent of large-scale terraced and nonterraced vineyards created during this period. These data enabled relatively accurate analysis of the extent and nature of the changes. We then analysed additional data sources, including historical archive records and historical monographs, to ascertain how the traditional vineyard landscape looked, and then to identify the driving forces for its change. This aggregation of data and maps is a common method of researching fine-structured traditional landscapes (Cullotta and Barbera, 2011; Ellis et al., 2009; Kizos et al., 2010; Špulerová, et al., 2011) .
Analysis of the LC and LDI changes was based on the large LC map, and multiple landscape metric types were used for LDI calculations. These ranged from the simple patch richness index to the more complex Shannon diversity index (SHDI) and Simpson diversity index (SIDI) (Oťaheľ et al., 2004; Ramezani and Holm, 2011; Velázquez et al., 2019) . Although we did not find precise fine scale studies to assess the landscape diversity of terraced areas, the studies by Agnolleti et al. (2015) and Kladnik et al. (2016) were the closest to our research topic. Agnoletti et al. (2015) used the terracing intensity index combined with a land use database to study the quantitative distribution of terraced landscapes on a regional level. Kladnik et al. (2016) then evaluated the diversity of both traditional and new terraced landscapes in pilot settlements using various landscape indices, including patch richness (PR), SHDI and the Shannon evenness index (SHEI).
The calculation of LDI on a regular grid of squares or hexagons provides additional information on the spatial distribution of LDI values in the landscape (Boltižiar, 2007; Halada et al., 2011; Oťaheľ et al., 2002 Oťaheľ et al., , 2004 Plexida et al., 2014) . In addition, our method enables the temporal and spatial comparison of LDI values expressed by SHDI values. These data acquired from a 25 × 25 m grid of squares, are therefore sufficiently detailed for use in practical landscape management.
While, a possible deficiency in this method may be that interpretation of some additional LDI metrics is limited by the small area of the grid square and the relatively small edge length, Boltižiar (2007) applied 50 × 50 m and 100 × 100 m square grid sizes and has supported our results by suggesting that "using a smaller square size somewhat eliminates the impact of minimum area classes on LDI calculation". Further, Plexidaa et al. (2014) also recommended adapting the extent of the landscape grid to the LC mapping scale.
Major trends in our study areas compared to other European vineyard landscapes
The first study period established no clear developmental trends in changes or agricutural extensification, and LC changes assessed by fine-scale mapping correlated with the changing trends in vineyard landscapes published for both regional areas and Europe. A diminished traditional stakedvineyard area is evident in the first period in the Svätý Jur and Selešťany study areas, and a decreasing vineyard area trend has also been noted between 1880 and 1950 in the Czech Eastern Moravian area (Skokanová et al., 2009) and also in Catalonia and Tuscany (Olarieta et al., 2008; Agnoletti, 2007) . In contrast, the increased vineyard area in this period in Modra is thought-provoking, but it is most likely that the local vine-growers were more experienced in using the available institutional and economic tools to their advantage.
The second period revealed a marked decrease in vineyard extent in Svätý Jur and Modra, and we also identified a similar decrease throughout Slovakia from 15,250 ha in 1945 (Demo et al., 2001) to 10,500 ha in 2017 (Štatistická ročenka Slovenskej republiky, 2016). The Slovak decrease must be taken in context, however, with a significant 30,840 ha increase in vineyard area during socialism, (Demo et al., 2001 ) and the following post-socialist decline. Studies in the Czech Republic also confirmed this trend (Demek et al., 2007; Demek et al., 2008; Skokanová et al., 2009; Havlíček et al., 2009; Havlíček et al., 2011) . The major reasons for the marked decrease in the extent of the Modra and Svätý Jur vineyards were their profitable location close to Bratislava, with a significant demand for building lots, and the attitudes of new owners after land restitution, competing with wine-makers who wanted to rent or buy the lots for vineyard use Štefunková et al., 2011; Lieskovský et al., 2013) .
The land restitution and loss of production subsidies to cooperative farms after socialism caused extensification and the abandonment of the agricultural landscapes of post-socialist countries (Kuemmerle et al., 2016; van Vliet et al., 2015) , and this especially affected the vineyards. The continuity of small family farms had been severely interrupted following the transfer of the autochthonous German population (Skokanová and Eremiášová, 2012) and collectivism (Cambel, 2005) . This contrasted sharply with traditional vine-growing areas in Western and Southern Europe, where farms were gradually structured according to their size, ownership and the preservation of traditional practices (Caraveli, 2000; Cots-Folch et al., 2009) . The development of contemporary family vineyards originated mostly after 1990 in the Svätý Jur and Modra study areas, but this is strongly limited by the pressure of investors and the interests of landowners to sell the land for construction purposes.
Although we did not establish the precise percentage of vineyards in individual farms, we confirmed many small farms in Svätý Jur and Modra and only one vine-grower managing land in the Selešťany study area.
Large block vineyards originated in Slovakia during socialism, followed by abandonment in the transition period (Lieskovský et al., 2013) , and finally the greatest change in vineyard use between 1990 and 2006 was to ploughed fields. This was largely due to the more favourable and profitable subsidies for arable land than vineyard cultivation after Slovakia's 2004 accession to the EU. Further, Špulerová et al. (2017) recorded that abandonment was most pronounced in the large block terraced vineyards.
The 1990s saw the commencement of Western Europe's massive support for the EU CAP, and this caused intensification and increased cropland area (Kuemmerle et al., 2016) . This included vineyards, and especially those on the hilly slopes of Mediterranean areas (Cots-Folch et al., 2006; Ramos et al., 2007) . Heavy land levelling and terracing was reinforced there by the EU subsidy policies (Cots-Folch et al., 2008) , and the massive financial support for viticultural development in the EU parallels the modernisation of Central and Eastern European vineyards in the socialist era.
Extensification and the abandonment of traditional vineyards in our study areas occurred simultaneously with the modernised vineyard intensification and subsequent abandonment in the second half of the 20 th and beginning of the 21 st centuries. This abandonment of traditional vinegrowing areas in the second half of the 20 th century was also common in other Slovak and European wine regions (Agnoletti, 2015; Incze and Novák, 2016; Lieskovský et al., 2015; Petanidou et al., 2008) . The driving factors here were agricultural industrialisation, labour loss to cities and extensive urban development (Olarieta et al., 2008; Tarrolli et al., 2014) .
The abandonment of terraced areas farthest from villages, especially in the Central Pyrenees and the Iberian Range, and on land that was either marginal or hard to mechanise, has been documented by several authors: Arnáez et al. (2011); Cots Folch et al., (2006) ; García-Ruiz et al. (1996); and Lasanta (1988) . Momirski and Kladnik (2009) have reported greater grass overgrowth and afforestation on Slovenian traditional terraces than on non-terraced land. These studies support our finding of the greater abandonment of traditional terraced vineyards than non-terraced grape-growing areas, and we further confirmed slightly higher abandonment of large-block terraced vineyards than large-block non-terraced vineyards, as reported throughout Slovakia (Špulerová et al., 2017) . Greater physical work and financial inputs have always been required in terraces than in non-terraced areas and this continues today. Thus, despite the benefits of greater sunlight, better microclimates, erosion prevention and current subsidies for vines on terraces, this viticultural method remains unprofitable. Further, Kladnik et al. (2016) record that although terraced vineyards are aesthetically appealing, wine-growers are now trying to increase grape yield, even at the expense of lower quality, by conversion to vertical plantations with their inherent increased landslide risk (Pipan and Kokalj, 2017) .
Climate warming and the increasing northern vine cultivation boundary, could slow down vineyard abandonment or even stop it through future use of Slovak grape varieties, which remain uncultivated because of the colder climate. Matese and Di Gennaro (2015) have also claimed that it will be necessary to introduce more extensive systems of precision viticulture to eliminate damage from new, unknown diseases and pests, sudden climatic extremes and droughts that threaten grape-vines. It would be very beneficial to consider introducing irrigation in the driest areas, but this is an uncommon practice in Slovakia.
The LDI values in our case study areas had mostly an upward trend in the three considered years, but in the intervening periods most likely experienced wide fluctuations. While NPha and TEha values increased and MPS decreased, no major correlation was established between PRha and SHDI, either as a grid square average or overall. It is therefore possible that landscape diversity is increasing because of landscape fragmentation rather than greater heterogeneity in land use. In support, an increase in LDI expressed by SHDI with increasing landscape fragmentation, has been confirmed by other authors, including Carranza et al. (2007) and Forman and Godron (1986) .
The construction of modern terraced vineyards and merging small-area vineyards into larger blocks affected LDI in opposing directions. The terrace construction enhanced relief dissection and landscape diversity, but the merged small-area vineyards and stone mounds removal in the study areas of Svätý Jur and Modra contributed to LDI reduction. In these areas, however, terrace construction had such a range and intensity that it resulted in an overall LDI increase despite the processes decreasing LDI. The latter included the dense pattern of terrace platforms with vine plants combined with terrace slopes with shrubby and grass-herbal vegetation, which significantly fragmented large parts of these areas. Although the heterogeneity of land utilisation was reduced here, the dense structure of semi-natural habitats on terraced slopes created the potential for increased biodiversity, as reported in Košulič et al. (2014) .
In comparison, in the Selešťany study area the LDI values changed more in the 1 st period than in the 2 nd period under collectivism. This highlights the finding that the process of vineyard landscape extensification can, in some cases, lead to higher LDI increase than terrace construction under collectivism. Further, the spatial changes in LDI values are mostly unrelated to particular natural conditions, but determined by external economic and social impacts which altered the landscape structure and patch type. Therefore, a comparison of LDI changes with other territories would require precise knowledge of vineyard landscape processes under collectivism, but appropriate studies on this topic are not available.
The changes in LDI expressed by the SHDI relationship with changes in landscape metrics are also ambiguous. For example, we recorded increased NPha values in the Svätý Jur area during the 2 nd period and a concurrent SHDI increase, but despite the consensus that increased SHDI is associated with increased NPha, Selešťany had increased NPha but decreased SHDI in this period. This is supported by Arnaez et al.'s (2011) similar findings of SHDI increase and NPha decrease. Kladnik et al. (2016) also found that "mono-tonal" areas with extensive modernised terraced vineyards have low LDI, and this is in direct contrast to our findings. In this context, the importance of the definition of the "terraced vineyard" category requires consideration. While the above-quoted authors used the system of bench terraces and bench terrace slopes in the terraced vineyard to convey one integrated LC type, we considered that bench terraces and their slopes comprise two different LC types. Our reasoning is based on the fact that bench terraces and bench terrace slopes are functionally contrasted units, including possessing differences in slope, amounts of energy received and maintained and distinct biotopes. Although distinguishing these types increases patch type number by only one type, the increase in edge length between terraces and slopes significantly increases the LDI value.
More recently, Foški and Zavodnik (2019) examined changes in selected landscape metrics using similar methods to those herein with stable cadastres and current land records. They analysed detailed landscape diversity changes on five sites in municipal cadastres in the Slovenian Alps and reported that the number of patches, patch richness and Simpson diversity index increased in almost all territories, including Vinolje, which focused on viticuture. The comparison of our results from 1867-2016 highlights the increase in landscape diversity metrics as well.
Analysis of the reported LDI changes also highlights ambiguities in the interpretation of the LDI values and their changes. This is especially obvious in conclusions drawn from LDI changes in collectivised agricultural landscapes. The results and their interpretation there depend on both the specific natural, social and economic characteristics of the studied area and on the methodology used. This ambiguity is indirectly confirmed by Nagendra (2002), who established differences in the order of LDI values measured by SHDI and the Simpson diversity index (SIDI) on a set of 13 territories.
Conclusions
In this paper we have analysed trends in LC and LDI changes in vineyard landscapes which have a high proportion of agrarian relief forms, especially terraced vineyards. The research was based on an examination of three selected study areas during two periods, and the LC changes determined by fine scale mapping generally correlated with trends published for regional and European vineyard landscapes.
We confirmed results from previous small-scale studies from Europe that the vine-growing landscape in our study areas in the second half of the 19 th century and its further development over 150 years, oscillated between viticultural extensification with abandonment and strong intensification. In addition, the general trend also identifies the slow disappearance of traditional vineyards and the decreased area of modernised socialist era vineyards. Our research has also established that the parallel landscape phenomena of intensification and extensification (and abandonment) determine and confirm that the general trend of shifting vineyards from higher altitudes and slopes to flatter areas, provides greater vine cultivation efficiency and increased yields. This process in Slovakia was introduced during the agricultural collectivisation. Our further research results revealed that the LDI changes are due to combined changes in the qualitative and quantitative characteristics of individual landscape patterns. Moreover, the major milestones of LC changes herein determined the LDI changes, and these were due to socialist collectivism in the 1960s and 1970s and the decline in viticulture and vineyard abandonment after 1989.
Our initial expectations of relatively small LDI changes in the 1 st period as a result of stable ownership relationships, and an increase in LDI following the construction of new terraced vineyards during collectivism in the 2 nd period, have been generally confirmed. It has also been shown that the apparently contradictory processes of extensification and intensification of agriculture can both increase LDI, and these processes are particulaly apparent in the Selešťany study area.
The precise settings used in landscape terracing have a significant impact on resultant LDI values. The values determined in other studies, which consider the entire terraced vineyard as one unit, are significantly lower than our LDI values, where the terraced and sloped portions are treated as two separate identities with different energy and biodiversity components. These components increase the fragmentation rate expressed by edge density and SHDI.
In conclusion, our detailed evaluation of the spatial changes of LDI using a square grid and analysing the historical and current driving forces for development, established that local driving forces modify the effects of global driving forces, and also that the intensity of these forces varies considerably throughout the study areas. This was especially apparent in the significantly different development trajectories in the Svätý Jur and Modra study areas compared to Selešťany.
Finally, the ambiguous results from this study and comparable research are dependent on different landscape structure interpretation and consequent methodology. These factors highlight the necessity for a consistent approach to LDI analysis in any study territories.
